Melphalan (L-p-di-(,/-chloroethyl) aminophenylalanine) has a definite place in the treatment of melanomas and possibly sarcomas, but appears ineffective against adenocarcinomas (Creech, personal communication) . Another drug might be more effective against the latter tumours and Chlorambucil was selected for these experimental perfusions since it had been used with some success against ovarian tumours at the Royal Marsden Hospital.
Chlorambucil was much more rapidly absorbed by tissue than Melphalan during the first 5-10 minutes of a perfusion. Thus it should be a better drug for regions of limited isolation, e.g. the pelvis, where unavoidable leaks into the systemic circulation result in complete mixing of the systemic and regional blood within 30-40 minutes.
In some experiments the main regional artery was occluded and blood containing Chlorambucil was pumped slowly through the artery below the occlusion to determine whether significant local concentration occurred. This is a development of the work of Barberio, Klopp, Ayres and Gross (1951) who investigated the arterial injection of HN'2 (methyl di(/3-chloroethyl) amine) Arterial infusion is a less severe procedure than perfusion and would enable regular repeated regional administration of suitably rapidly absorbed drugs. From radiotherapeutic experience, it might be expected that these " radiomimetic " drugs would be more effective when used several times.
Estimation of Chlorambucil in blood.-This was carried out by a modification of the method described by Klatt, Griffin and Stehlin (1960) .
Reagents.-0*25 M (isotonic) sucrose, 0-6 M pH 4-5 acetate buffer, 5 per cent w/v y-(4-nitrobenzyl) pyridine in methylethylketone and 50 per cent v/v triethylamine (redistilled if not colourless) in acetone. The y-(4-nitrobenzyl) pyridine was prepared from 4-benzylpyridine according to Bryans and Pyman (1929) .
Procedure.-1 ml. of blood was added to 3 ml. of isotonic sucrose in a glass stoppered tube. After mixing by inversion the stopper was removed, the cells were separated by centrifugation and 3 ml. of the supernatant added to a second stoppered test-tube containing 0*5 ml. of the y-(4-nitrobenzyl) pyridine solution and 0.1 ml. of the acetate buffer. This first part should be completed in 2-3 minutes, but the tubes may now be left overnight in the refrigerator if necessary. The tubes were heated in a water-bath at 800 C. for three hours in the case of Chlorambucil but this varied with other alkylating agents. The reaction was complete in 20 minutes with Melphalan and HN2. A flat metal lid was placed over the tubes while lowering them into the bath. This allowed the stoppers to rise slightly to release excess pressure, but prevented them from blowing out of the tubes. After cooling in ice-water the protein precipitate was removed by centrifugation and 2 ml. of the supernatant pipetted into a third set of tubes.
The absorbance of the solutions at 565 mi/. was read in a spectrophotometer 2-3 minutes after addition of 2 ml. of the triethylamine-acetone mixture. This was because there was an initial intense blue colour even in the blanks which very rapidly faded. The residual colour was unstable and was read within 5 minutes of the mixing with triethylamine.
A concentration of 100 ,ug. Chlorambucil/ml. blood gave an extinction of 0 6 in a 1 cm. cell. This was for blood containing heparin only; citrate reduced the colour intensity probably by competing with the y-(4-nitrobenzyl) pyridine for the alkylating agent. Heparin and papaverine in the concentrations normally used did not affect the colour development.
Labelling of erythrocytes with 5'Cr.-Cells were labelled by the method of Mollison and Veall (1955) . A known quantity of labelled cells were added to the circuit at the same time as the alkylating agent. The cells spun down from the sucrose solution during the estimation of Chlorambucil were counted by placing the tubes in a scintillation counter well.
Surgical procedure
The experiments were carried out on male greyhounds weighing approximately 25 kg. General anaesthesia was induced by intravenous Nembutal 30 mg./kg. body weight. The dogs were positioned supine with extension of the lower limbs. The right groin was shaved and cleaned and prepared with 2 per cent solution of Hibitane in 70 per cent ethanol. The right femoral vessels were cannulated. All operations were carried out with antiseptic precautions. situated below the level of the dog and the blood drained by gravity to the oxygenator. From the reservoir of the oxygenator tubing led to the pump and from here to the heat exchanger and then to the arterial cannula. A thermometer was inserted into the arterial tube within 12 in. of the cannula. There was also a lead to a manometer and a by-pass tube connected the arterial to venous sides of circulit.
Vessel exposure A 6 cm. axial incision in the right groin in the line of the femoral vessels w\as made and 4 cm. of the femoral vessels exposed. A medial circumflex branch of the artery which crossed the vein when present had to be ligated and divided. Two separate tapes were passed around both vein and artery. After heparinisation the vessels were occluded by traction in the tapes and then opened transversely with scissors and a cannular introduced into the vein. At this stage the circuit was primed with blood taken off the dog via this cannula-later the artery w-as cannulated. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] minutes, the by-pass was opened and the arterial and venous tubes closed. The drug and labelled cells were then added to the reservoir and mixed in the by-pass circuit for five minutes. The circuit was then re-opened to the limb and the by-pass closed. Perfusion with the drug was continued, usually for 60 mniutes. Tissue temperature was taken by placing a thermometer deep in the quadriceps muscle.
At the end of the perfusion the cannulae was removed and the vessels double ligated above and below these openings. The collateral circulation was adequate to supply the necessary blood to the lower limb in the dog following femoral artery ligation. The incision was closed by interrupted silk sutures. Recovery from anaesthesia took 4-6 hours.
Regional infusion
The technique of regional infusion consisted of exposure of nmain vessels supplying the region followed by occlusion and cannulation of the artery as described above. The main venous return was not interfered with and venous puncture was performed for sampling only. The same apparatus was used for infusion as described above for regional perfusion, except that the venous cannula and return tube were not necessary.
In intra-arterial injections without occlusion there was no interference of the blood flow.
RESIJLTS
Observations on perfusions of the hind limb of a number of dogs indicate(d that physiological conditions for circulation were best simulated by a flow rate of 50-70 ml. with an arterial pressure of 100-160 mm. /Hg. and temperature of 37.50 C. The flow rate increased with arterial pressure but wide ranges of flow rate were accommodated bv the limb vascular reserve. Flow rates of 260-280 ml./minute were necessary to increase the pressure to 300 mm./Hg. If the blood was not oxygenated during perfusion the veins became distended and the limb blue, and later swelling and petechiae occurred.
With 97 per cent 02 and 3 per cent CO2 hind limb perfusions have been carried out for up to 120 minutes without any signs of tissue damage in the limb. Under these conditions the pH of the blood remained within normal limits (7.3-7.4). Normally only slight haemolysis occurred in the blood at end of the perfusion.
Perfusion wvith ('hloramnbucil
Dogs perfused with (Chlorambucil can be divided into two groups, in which (1) No changes were noticed during perfusion.
These perfusions were carried out at 37.50 C. and the concentration of Chlorambucil below 200 rig./ml. (Fig. 1) . The arterial pressure remained constant at 100-120 mm. /Hg., and flow rate 70 ml. /minute. The Chlorambucil concen-.501-tration fell from 175 ,ug./ml. to 56 ,sg./ml. in 5-10 minutes and then remained almost constant for the rest of the perfusion; the venous and arterial concentrations were equal after 5 minutes. The fall in level of 51Cr-tagged erythrocytes was due to dilution in the circulating fluid in the perfused limb. (2) Obvious tissue necrosis occurred. Changes during perfusions in which tissue damage occurred include an early sudden rise in the arterial pressure which was violent and sustained (Fig. 2) . The skin became pink with the superficial veins contracted. There was a steady reduction in the venous return, the blood became more concentrated and dark coloured and did not change to a scarlet colour in the oxygenator. limbs showed that the muscles were black and swollen and on cutting a bloodstained fluid flowed out which permeated through the muscle sheaths. No immediate thrombosis of the main arteries or veins was found.
Isolated limb perfusions at 37.50 C. were carried out with low concentrations of Melphalan which produced no tissue damage under the conditions described above for -Chlorambucil (Fig. 3) .
Factors which affect the action of the drug (1) Concentration.J-In no experiment at 37.50 where the concentration of Chlorambucil was under 200 ,tg./ml. did tissue necrosis occur. Concentrations between 250-300 ,tg./ml. at 37.5°led to post-operative swelling of the perfused region from which recovery took place in 3-4 davs. Higher concentrations led to immediate toxic changes during perfusions as previously described.
Perfusion with a total dose of 180 mg. of Chlorambucil in a 22 kg. dog at a concentration of 540 ,ug. /ml. (Fig. 2) On reducing the temperature of the arterial blood to 240 C. there was marked reduction in the drug uptake. At this temperature there was vascular spasm leading to reduction in capillary circulation.
(3) Flow rate.-Flow rates between 10-70 ml./minute were used and no gross difference in the rate of drug uptake occurred over this range.
(4) Steroids.-On two occasions during perfusion when signs of tissue damage were present 100 mg. of hydrocortisone was added to the perfusion fluid but nevertheless the limb progressed to necrosis.
(5) Papaverine.-This drug has a marked effect on arterial musculature, causing vascular dilatation and the opening up of arterio-venous shunts in the perfused region, thus reducing the circulation time. This effect might cause a partial by-pass of a tumour-bearing area and for this reason it seems inadvisable to use papaverine. The increase in arterial pressure which occurs on perfusing Chlorambucil occurs at a level of the drug which is toxic to the normal tissues and therefore should be avoided. Administration of papaverine when arterial pressure was high reduced this pressure as shown in Fig. 2 , but did not prevent destruction of the tissues.
Regional infusions
All infusions were carried out at an arterial blood temperature of 37.50 C.
In two experiments the technique of perfusion was carried out on the hind limb and the entire venous return was collected and not recirculated. Fresh blood containing Chlorambucil was twice added to the reservoir when the latter was nearly empty (Table I) .
In all other infusions there was no occlusion of the venous return from the region. Chlorambucil and tagged erythrocytes were well mixed in the blood 505S Fig. 4 . These results show that the average Chlorambucil return in the venous blood from the infused hind limb is approximately 50 per cent.
Infusions of special regions
(1) Pelvic infusion.-The right external iliac artery was cannulated while the aorta below the region of the inferior mesenteric was clamped as was also the left external iliac in a dog weighing 11 5 kg. Venous samples were obtained from the inferior vena cava and 45 mg. of Chlorambucil was administered. The results (Fig. 5) show that approximately 50 per cent of the amount of drug infused returned. A similar result was obtained on repeating the experiment.
(2) Infusion of the right side of brain, head and neck.-The right carotid artery of a 29 kg. Labrador was cannulated and infused with 60 mg. of Chlorambucil in 250 ml. of blood. During the infusion there was a profuse secretion of mucus from the right nostril and the character of the respiration changed, but no vasomotor changes occurred. The dog made a complete recovery. The results (Fig. 6) show that 60 per cent of the Chlorambucil given returned from the region into the systemic circulation.
In experiments in which dogs were given intravenous whole body doses of 4 mg. /kg. body weight, severe leucopaenia with weakness, vomiting and diarrhoea always resulted by the seventh day. Doses of 2 mg./kg. caused no changes in general health or blood picture in dogs. It may be deduced that in cases of infusion where there is no sign of toxicity and no marrow depression, the amount of venous leak is less than 2 mg. /kg. in cases of severe reaction then at least 4 mg. /kg. has leaked into the general circulation.
The hind limbs of a 31 kg. Labrador were infused with a total dose of 120 mg. of Chlorambucil and resulted in no systemic ill effects, therefore the venous return would have been 60 mg. or less, i.e. 2 mg./kg., in agreement with the results shown in Fig. 4 . Jn another experiment a 21 kg. greyhound was given 120 mg. of Chlorambucil in 400 ml. by infusion of the femoral vein; this led to evidence of mild systemic toxic signs-vomiting, loss of weight, depression in leucocytes and increased blood urea. From our findings of a 50 per cent venous return of Chlorambucil it may be estimated that this dog received into his systemic system 60 mg. (i.e. 50 per cent infused dose), which is 3 mg./kg., a dose which would be expected to give the above clinical picture.
DISCUSSION
In a perfusion using a therapeutic dose of Chlorambucil (Fig. 1) there was rapid initial drop in concentration after which the levels in the arterial and venous blood were identical but slowly declined. Part of the initial drop is due to dilution of the drug by the blood in the limb, as shown by a similar smaller drop in the concentration of the 5'Cr-labelled erythrocytes. Complete mixing of the isolated circuit occurs in 5-10 minutes and allowing for the dilution 45-55 per cent of the Chlorambucil added to the reservoir has left or reacted in the vascular system during this time. In vitro experiments determining the rate at which Chlorambucil reacts in blood at 37.50 indicate that most of this is the result of absorption by the limb (Fig. 1) .
When therapeutic doses are administered approximately 50 per cent of the Chlorambucil leaves the blood in the first 5-10 minutes and since subsequently the arterial and venous lines are at the same concentration no more drug is absorbed by the limb. When destructive doses of Chlorambucil are used (Fig. 2 ) the drug level rapidly falls to undetectable levels. This may be due to breakdown of the capillary bed and subsequent uptake by the tissues. The results given by a normal perfusion (Fig. 1) seem to indicate that equilibrium is rapidly attained between the limb tissue and the blood. The data in Table I , however, suggest that there may be some mechanism, either in the cells or the vascular supply which prevents further absorption after the first 10 minutes of perfusion. There is, therefore, little advantage in prolonging the perfusion for more than 10-15 minutes and indeed it would seem likely that the slow infusion of Chlorambucil (up to twice the systemic dose at a concentration of approximately 200 ,ug. /ml. at 37 50 ) into the main artery supplying the tumour-containing region would be the best method of administration. Direct arterial injection in the normal manner is not considered as satisfactory because of the destructive effects of a concentrated solution, the comparison between the limb damage caused by direct injection of one femoral artery and infusion of the other in one of the dogs being marked. Furthermore, occlusion of the artery wiLl slow the regional blood flow and aid the local absorption of the drug.
The rapid initial absorption of Chlorambucil is probably connected with the nature of the group attached to the di-,?-chloroethyl part of the molecule since Melphalan in which L-phenylalanine replaces phenylbutyric acid is absorbed slowly but throughout the entire perfusion (Fig 3) .
Several drugs are to be tested to determine the reason for the initial rapid absorption of Chlorambucil; it may be due to the surface active properties of the drug. A knowledge of the chemical structures which will enable nitrogen mustards to penetrate tissues rapidly and to be held until reaction has occurred could be used to synthesise the alkylating agents most suitable for regional use.
SUMMARY
The behaviour of Chlorambucil in experimental regional perfusions and infusions in the limbs of dogs has been studied in order to determine the probable optimum conditions for clinical use.
At 37.50 C. concentrations below 200 ,ug./ml. cause no damage. Levels between 250-300 ,ug. /ml. cause mild reversible oedema, but with higher levels than this necrosis occurs. Increasing the temperature increases the activity of the drug.
The initial rapid tissue uptake of the drug in comparison with Melphalan is shown. Evidence is presented in support of use of Chlorambucil by intra-arterial infusion.
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